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I + THE PLASMA PINCH AS A G A S  ACCELERATOR 
I 

by 
I 

Robert G .  Jahn* and Woldemar von Jaskowsky** 

Princeton Univers i ty ,  Pr ince ton ,  N. J. 

I Abst rac t  / 3 5 / 6 6  
I 

A l a r g e  r a d i u s  pinch d ischarge  produces a s e r i e s  of 

c y l i n d r i c a l l y  symmetric, inwardly propagat ing  c u r r e n t  sheets a n d  

a s s o c i a t e d  magnetic f i e l d s  i n  a form convenient for deta i led  

s tudy of t h e  " j  x B" i n t e r a c t i o n s  b a s i c  t o  a l l  schemes of e l e c t r o -  
, 

magnetic gas a c c e l e r a t i o n .  These a r e  examined by s t reak and Kerr- 

c e l l  photography, magnetic probes,  spectroscopy,  a n d  t e r m i n a l  

measurements of c u r r e n t  a n d  vol tage  f l u c t u a t i o n s ,  t o  determine 

t h e  d e t a i l e d  d i s t r i b u t i o n  of t h e  c u r r e n t s  and f i e l d s  w i t h i n  the  1 

d i scha rge  a s  f u n c t i o n s  of r a d i u s  and t i m e .  An inverse-pinch d i s -  

charge provides  a convenient switch f o r  t h e  r a p i d  a p p l i c a t i o n  of 

t h e  h i g h  vo l t age  p u l s e  t o  t h e  e l e c t r o d e s .  The i n i t i a t i o n  of t h e  

main d i scha rge  i n  a uniform p e r i p h e r a l  r i n g  i s  found t o  be p r i -  

mar i ly  a n  i n d u c t i v e  e f f e c t ,  condi t ioned somewhat by t h e  presence 

of t h e  a d j a c e n t  i n s u l a t o r  sur face .  Spectrograms of d i scha rges  i n  

argon,  n i t rogen ,  and helium show s i n g l y  and doubly ion ized  s p e c i e s  

i n d i c a t i n g  t h a t  p a r t i c l e s  of energy i n  excess  of 25 e . v .  a re  

p a r t i c p a t i n g  i n  t h e  breakdown. A p r e c u r s o r  f r o n t  i s  observed t o  

propagate  ahead of t h e  f i r s t  cu r ren t  shee t ,  and i s  t e n t a t i v e l y  

i d e n t i f i e d  a s  a gasdynamic shock. 
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2 .  

I. INTRODUCTION 

The purpose of t h e  r e sea rch  desc r ibed  h e r e i n  i s  a sys-  

temat ic  experimental  and t h e o r e t i c a l  s tudy of t h e  i n i t i a t i o n ,  

development, and dynamic progress  of t h e  c u r r e n t  s h e e t s  and assoc-  

i a t e d  magnetic f r o n t s  i n  a l a r g e  r a d i u s  pinch d i scha rge ,  from t h e  

viewpoint o f  t h e  e f f i c i e n t  a c c e l e r a t i o n  of a n  ambient body of gas  

f o r  propuls ion a p p l i c a t i o n s .  

d i scha rge  chamber w i t h  8- inch diameter  p l ane  e l e c t r o d e s  s e p a r a t e d  

by a 2-inch gap of t e s t  gas .  The d i scha rge  i s  dr iven  by a c i r c u l a r  

bank of f i f t e e n  1.0 f d c a p a c i t o r s  charged t o  10,000 v o l t s ,  r i n g i n g  

down through a low inductance c i r c u i t  a t  about  250 KC, v i a  a 

s p e c i a l  gas - t r igge red  switch desc r ibed  l a t e r .  

show a schematic drawing and a photograph of t h e  c i r c u i t  assembly. 

The c e n t r a l  appa ra tus  i s  a n  aluminum 

/v 
Figures  1 and 2 

The d i scha rge  i s  observed t o  i n i t i a t e  as  a uniform 

p e r i p h e r a l  r i n g  a t  t h e  o u t e r  edge of t h e  e l e c t r o d e s ,  then  t o  a c -  

c e l e r a t e  i n w a r d .  Subsequent d i scha rges ,  occu r r ing  a t  t h e  second, 

t h i r d ,  and l a t e r  vo l t age  maxima of t h e  c a p a c i t o r  ring-down p a t t e r n ,  

a l s o  a re  e s t a b l i s h e d  a t  t h e  o u t e r  edge of t h e  e l e c t r o d e s ,  a n d  

fo l low t h e  primary luminous f r o n t s  i n  toward t h e  c e n t e r .  

The i n i t i a l  breakdowns and subsequent implosions of t h e  

luminous f r o n t s  a r e  fol lowed by r o t a t i n g  m i r r o r  s t reak  photographs 

taken along a diameter of t h e  pinch chamber. 

a t y p i c a l  s t r e a k  photograph taken f o r  a d i scha rge  inargon a t  30 

ambien t  p re s su re .  I n  t h i s  ca se  t h e  luminous f r o n t s  propagate  so  

r a p i d l y  t h a t  each t r ave l s  more than  one-half  t h e  t o t a l  r a d i u s  

F igu re  3a d i s p l a y s  

/u. 

befo re  t h e  next  begins  a t  t h e  o u t e r  edge. 

For d i scha rges  a t  h i g h e r  p r e s s u r e s ,  t he  f r o n t s  t r a v e l  
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PINCH CHAMBER 

A. STREAK PHOTOGRAPH O F  D I S C H A R G E  A T  30 ARGON r 

k- 

b I 1 1 I 1 1 )/US 1 

I 4  I 8 12 16 20 24 

B. S T R E A K  PHOTOGRAPH OF D I S C H A R G E  I N  
ARGON SHOWING LUMINOUS PRECURSOR. 

F I G U R E  3 
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l ess  r a p i d l y ,  hence a r e  more c l o s e l y  spaced. A t  1 mm.,  fo r .example ,  

they appear t o  coa lesce  nea r  t h e i r  i ncep t ion ,  a n d  then  propagate  

i n w a r d  as  one  composite f r o n t .  F igure  4 shows t y p i c a l  s t r e a k  

photographs obta ined  f o r  argon a t  100 

w r i t i n g  speed of t h e  camera i s  success ive ly  s lower t o  r e t a i n  good 

propagation angles f o r  t h e  f r o n t s . )  The speed of t h e  l ead ing  

luminous f r o n t  has been found t o  vary as t h e  i n v e r s e  square  r o o t  

, 3 O O / l c ,  a n d  1 mm. (The ' / L 

of the  ambient gas  dens i ty  over  a range of 2 y  t o  10 mm, f o r  argon,  

n i t r o g e n ,  and helium. 

The t e r m i n a l  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  d i scha rge  

a r e  monitored by a current-measuring Rogowski c o i l  e n c i r c l i n g  t h e  

switch column, and a vo l t age  d i v t d e r  a p p l i e d  a c r o s s  t h e  main 

e l e c t r o d e s .  From these i t  i s  p o s s i b l e  t o  i n f e r  t h a t  t h e  peak 

c u r r e n t  i n  t h e  d ischarge  i s  about  200,000 amperes, t h a t  t h e  

resonant  frequency i s  about 250 KC, and t h a t  t h e  t o t a l  v o l t a g e  

developed a c r o s s  t h e  chamber a f t e r  breakdown i s  about  10% of t ha t  

a c r o s s  t h e  c a p a c i t o r s .  It has  a l s o  been p o s s i b l e  t o  i n f e r  t h e  

g r o s s  c h a r a c t e r i s t i c s  of t h e  c u r r e n t  d i s t r i b u t i o n s  w i t h i n  t h e  

chamber, r e l a t i v e  t o  t h e  p o s i t i o n s  of t h e  luminous f r o n t s  as 

f u n c t i o n s  of  t i m e .  

The d e t a i l s  of t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n s  are  

determined by s m a l l  magnetic probes p o s i t i o n e d  a t  v a r i o u s  r a d i i  

i n s i d e  t h e  d ischarge  chamber. U s e  i s  a l s o  made of K e r r - c e l l  

photography and  spectroscopy f o r  s p e c i f i c  d i a g n o s t i c  purposes .  

The r e s u l t s  of t h e s e  and o t h e r  measurements, and t h e  conc lus ions  

drawn from them t o  d a t e ,  c o n s t i t u t e  t h e  body of t h i s  paper .  

' I  
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F I G .  4 - S T R E A K  PHOTOGRAPHS OF D I S C H A R G E  I N  
ARGON A T  A:100 ; B:300/ ; C:1000/11 F 
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11. THE INVERSE-PINCH SWITCH 

E s s e n t i a l  i n i t i a l  cond i t ions  f o r  t h e  experiments de- 

s c r i b e d  below are  t h e  presence of a uniform sample of gas of 

p r e c i s e l y  known composition and p r e s s u r e  w i t h i n  t h e  d i scha rge  

chamber, and t h e  a p p l i c a t i o n  t o  i t  of a d e f i n i t e  vo l t age ,  f a r  i n  

excess  of i t s  D.C. breakdown p o t e n t i a l .  T h i s  p r e d i c a t e s  some 

s o r t  of high vo l t age  switch t o  apply  t h e  c a p a c i t o r  p o t e n t i a l  t o  

t h e  e l e c t r o d e s  a t  t h e  d e s i r e d  i n s t a n t .  This  swi tch ,  l i k e  a l l  of 

t h e  e x t e r n a l  c i r c u i t  components, should be r e l a t i v e l y  l o s s l e s s ,  

and of r e l a t i v e l y  low inductance i n  comparison w i t h  $he d i scha rge  

i n  t h e  t e s t  chamber if a s i g n i f i c a n t  f r a c t i o n  of t h e  energy s t o r e d  

i n  the c a p a c i t o r s  i s  t o  be de l ive red  t o  t h e  t e s t  gas .  O f  t h e  

v a r i e t y  of s tandard  techniques f o r  such swi t ch ing - - ign i t rons ,  

open gap swi tches ,  etc.--we have had cons ide rab le  success  wi th  

(1) a v a r i a t i o n  of t h e  simple c o a x i a l  t r iggered  gap swi tch .  
( 2 )  

S p e c i f i c a l l y ,  w e  invoke a g a s - t r i g g e r e d ,  inverse-p inch  d i scha rge  

a s  t h e  switching e l e m e n t ,  

The e s s e n t i a l  elements of t h e  s w i t c h  appear  schemat ica l -  

l y  i n  t h e  lower p o r t i o n  of t h e  composite drawing (F igure  1). The 

lower switch e l e c t r o d e  l e a d s  d i r e c t l y  t o  t h e  lower e l e c t r o d e  of 

t he  m a i n  chamber v i a  a I t - i n c h  d i ame te r  p o s t .  

e l e c t r o d e  i s  a p l a t e  surrounding the  p o s t ,  connected d i r e c t l y  t o  

t h e  nega t ive  pole  of t h e  c a p a c i t o r  bank, and spaced 1-21/32 i n c h  

from the l o w e r  e l e c t r o d e .  The f u l l  c a p a c i t o r  v o l t a g e  i s  wi ths tood  

a c r o s s  t h e  switch e l e c t r o d e s  by evacua t ing  t h e  swi tch  chamber t o  

l e s s  than 1OT of argon,  whi le  t h e  e l e c t r o d e s  of t h e  main  chamber 

a r e  he ld  a t  DC ground by a l a r g e  b a l l a s t  r e s i s t o r .  Admission of 

The upper  swi t ch  
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a s m a l l  puff  of gas  i n t o  t h e  switch chamber causes  i t  t o  break  

down, and t h e  f u l l  vo l t age  t h e n  appears  a c r o s s  t h e  main chamber 

e l e c t r o d e s ,  which i n  t u r n  i n i t i a t e s  t h e  d i scha rge  of i n t e r e s t  

t h e r e .  

The geometr ica l  behavior  of t h e  d i scha rge  i n  t h e  swi tch  

throughout t h e  complete c y c l e  o f  c u r r e n t  flow from t h e  c a p a c i t o r s  

through t h e  two chambers i s  c r i t i c a l  t o  t h e  performance of t h e  

e n t i r e  device ,  and f o r  t h i s  reason i t  was s t u d i e d  i n  some de t a i l  

by K e r r - c e l l  photography. O r i g i n a l l y  there was no c o n s t r i c t i n g  

chamber surrounding t h e  switch e l e c t r o d e s  as i n d i c a t e d  i n  t h e  

drawing. I n  t h i s  case ,  as shown i n  t h e  success ion  of photographs 

i n  F igu re  5, t h e  swi tch  d i scha rge  i n i t i a t e d  i n  a c losed  r i n g  

around t h e  i n s u l a t e d  c e n t e r  pos t  - -  a minimum inductance  con- 

f i g u r a t i o n  -- but  r a p i d l y  expanded out  over  the  e l e c t r o d e  su r -  

f a c e s ,  and beyond, e n t i r e l y  t o  t h e  o u t e r  glass walls of t h e  swi tch  

chamber -- a r a t h e r  high inductance c o n f i g u r a t i o n  -- i n  a s h o r t  

t ime compared t o  t h e  pe r iod  of i n t e r e s t  i n  t h e  main d i scha rge .  

The encasement of t h e  switch e l e c t r o d e s  w i t h i n  a 

s n u g l y - f i t t i n g  P l e x i g l a s  c y l i n d e r ,  as  shown i n  F igu re  1, served  

t o  c o n f i n e  t h e  d i scha rge  t o  t h e  space between t h e  edges of the 

e l e c t r o d e  (F igure  6 )  and thereby kept  t h e  swi tch  inductance  low 

throughout  t h e  course  of t h e  experiment. 

The a x i a l  gap spac ing  between the e l e c t r o d e s  i s  a com- 

prnmise between minimizing t h e  d ischarge  l e n g t h  (and thereby 

l i n e a r l y  t h e  induc tance ) ,  and  r e t a i n i n g  the symmetrical  and d i f f u s e  

d i s c h a r g e  s t r u c t u r e .  Discharges a c r o s s  s h o r t e r  gaps than t h e  

1-21/32 i n c h  c u r r e n t l y  used a t  t h i s  v o l t a g e ,  were found e m p i r i c a l l y  
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A .  B. C .  

FIGURE 5 - KERR CELL PHOTOGRAPHS OF THE DISCHARGE 
I N  THE SWITCH AT A : 0 . 1  fs; B : l . O f ;  

C : 1 . 8 ~  s AFTER INITIA BREAKDOW 

A .  B. 

FIGURE 6 - KERR CELL PHOTOGRAPHS OF THE DISCHARGE I N  
THE SWITCH CONTAINED By PLEXIGLAS CYLINDER 
AT A : 0 . 1  S ;  B : 2 . 3  s AFTER INITIAL BREAKDOWN f 7 
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t o  develop i n s t a b i l i t i e s  toward concent ra ted  a r c s ,  w i t h  t h e i r  as- 

s o c i a t e d  h igh  r e s i s t a n c e  a n d  e l e c t r o d e  s u r f a c e  damage. Likewise, 

ope ra t ion  of t h e  switch on t h e  high p r e s s u r e  branch of t h e  Paschen 

curve (e100 m m . ) ,  a l s o  produced heavy a r c  columns and was qu ick ly  

abandoned. 

I n  i t s  p r e s e n t  des ign ,  t h e  swi tch  has handled sequences 

of more t h a n  100 s h o t s  wi thout  f a i l u r e .  When disassembled, i t s  

e l e c t r o d e  s u r f a c e s  are  q u i t e  b l ack  and covered w i t h  microscopic  

pi t -marks,  which appa ren t ly  do no t  impa i r  i t s  o p e r a t i o n .  The p l e x i -  

g l a s  c y l i n d e r  i s  unmarked i n  any way, bu t  t h e  o u t e r  glass s l e e v e  

covering t h e  e n t i r e  swi tch  u n i t  shows dark  brown s t a i n s  where small 

b lobs  of plasma have s t r u c k  i t  a f t e r  emerging through t h e  d iagonal  

gas i n j e c t i o n  p o r t s  i n  t h e  P l e x i g l a s .  

III. CURRENT DISTRIBUTION WITHIN THE DISCHARGE CHAMBER 

Even w i t h  t h e  swi tch  design desc r ibed  above, and a f t e r  

s u b s t a n t i a l  e f f o r t  t o  reduce t h e  remainder of t h e  e x t e r n a l  c i r c u i t  

inductance  t o  a minimum, i t  s t i l l  h a s  no t  been p o s s i b l e  t o  develop 

more than  10% of t h e  c a p a c i t o r  vo l t age  a c r o s s  t h e  d i scha rge  chamber 

e l e c t r o d e s .  I n  p a r t i c u l a r ,  a succession of v o l t a g e  d i v i d e r  measure- 

ments and some t h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e  t he  fo l lowing  

t y p i c a l  d i s t r i b u t i o n  of e f f e c t i v e  inductance around t h e  c i r c u i t .  

Capac i tors  (15 x 1 f d .  i n  p a r a l l e l )  ............ 1 .7  nh 

Outside C i r c u i t  ................................. 16.5 nh 

~W~~~~l..........,............................... 2.9 nh 

/" 

" . L . l  

4 

Pinch Discharge i n  30 a r g o n . . . . . . . . . . . . . . . . . . . .  2.2 nh /u 
Tota l  24.3 nh 
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For purposes of comparison, t he  c i r c u i t  may be d ischarged  

w i t h  t h e  chamber sho r t ed  by va r ious  inductance  c o n f i g u r a t i o n s .  For 

example, a n  8- inch diameter aluminum r i n g ,  which s h o r t s  t h e  two 

e l e c t r o d e s  a t  t h e i r  per iphery ,  a d j a c e n t  t o  t h e  i n s u l a t o r ,  s i m -  

u l a t e s  t h e  minimum inductance c o n f i g u r a t i o n  t h a t  t h e  d i scha rge  

could poss ib ly  assume. A l t e r n a t i v e l y ,  a I - inch  diameter s o l i d  

aluminum pos t  p laced  a t  t h e  c e n t e r  of t h e  chamber s h o r t s  t h e  

e l e c t r o d e s  i n  a comparatively h igh  inductance  c o n f i g u r a t i o n ,  s i m -  

u l a t i n g  a d ischarge  t h a t  had become l o c a l i z e d  a t  t h e  c e n t e r .  

Comparison of t h e  vo l t age  and frequency measurements ob ta ined  w i t h  

t h e  chamber sho r t ed  w i t h  t h e  large r i n g  and w i t h  t h e  p o s t ,  respecb 

i v e l y ,  w i t h  those  ob ta ined  dur ing  a c t u a l  d i scha rges  i n  a rgon  a t  

va r ious  p re s su res ,  t hus  provide some i n d i c a t i o n  of t h e  r ad ia l  

d i s t r i b u t i o n  of d i scha rge  c u r r e n t .  I n  p a r t i c u l a r ,  the  frequency 

and t h e  vo l t age  ampli tude of t h e  d i scha rge  are  found t o  be very 

c l o s e  t o  those  o f  t h e  pinch chamber s h o r t e d  by t h e  8- inch  diameter 

r i n g ,  and d r a s t i c a l l y  d i f f e r e n t  from t h o s e  w i t h  t he  s h o r t i n g  c e n t e r  

p o s t .  The impl ica t ion  i s  thus  t ha t  t he  bu lk  of t he  d i scha rge  

c u r r e n t  remains n e a r  t h e  o u t e r  wall of t h e  chamber, throughout  the  

e n t i r e  cyc le ,  even though t h e  luminous f r o n t s  propagate  toward the 

c e n t e r .  

A S  a n  independent experimental  check of t h i s  e f f e c t ,  

5- inch diameter c i r c u l a r  areas i n  t h e  c e n t e r  of bo th  t h e  upper  and 

lower e l e c t r o d e s  were i n s u l a t e d  by t h i n  sheets of Mylar. The 
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s t r e a k  p i c t u r e s  of t h e  pinch d ischarge  under  t h i s  s i t u a t i o n  were 

compared w i t h  s t r e a k  p i c t u r e s  of  t he  d i scha rges  without  t h e  i n s u l -  

a t i o n  on t h e  c e n t r a l  p a r t s  of the e l e c t r o d e s .  The luminous f r o n t s  

were found i n  bo th  cases  t o  t r a v e l  inward a t  e x a c t l y  t h e  same speed 

over  t h e  e n t i r e  r a d i a l  con t r ac t ion .  The development of a l l  o t h e r  

q u a l i t a t i v e  d e t a i l s  of t h e  two s t r e a k  p i c t u r e s  were i d e n t i c a l .  

Thus, t h e  c e n t e r  p o r t i o n s  of t h e  e l e c t r o d e s  seem no t  t o  t r a n s m i t  

any c u r r e n t  t o  t h e  d i scha rge .  

I 

The conclusion seems inescapable  t ha t  t h e  luminous 
I 

f r o n t s ,  whatever t h e i r  d e t a i l e d  s t r u c t u r e  may be ,  do not  c a r r y  

s i g n i f i c a n t  p o r t i o n s  of  t h e  e x t e r n a l  c i r c u i t  c u r r e n t  inward  toward 

t h e  c e n t e r  of  t h e  chamber. T h i s  i n  t u r n  poses  a fundamental 

ques t ion  about  t h e  i d e n t i t y  of such f r o n t s .  It i s  c l e a r  t h a t  more 

detai led informat ion  on t h e  c u r r e n t  d i s t r i b u t i o n s  w i t h i n  t h e  

chamber a s  f u n c t i o n s  o f  t ime a r e  needed, and f o r  t h i s  purpose 

small magnetic probes ( 3 )  have been in t roduced  a t  va r ious  r a d i a l  

p o s i t i o n s  w i t h i n  t h e  d ischarge .  These a r e  cons t ruc t ed  of e i g h t  

t u r n s  of 0.25 mm. enameled wire ,  each of 1 .9  mm.x 1.6 mm. c r o s s -  

s e c t i o n ,  enclosed i n  a 4 . 3  mm. 0 . d .  pyrex tube ,  i n s e r t e d  r a d i a l l y  

through t h e  s i d e  w a l l  of t h e  i n s u l a t o r .  F igu re  7 shows t h e  

response @ ( t )  J a n d  i n t e g r a t e d  response B ( t )  of one such 

probe l o c a t e d  a t  r a d i i  of 3.0 and 1.5 inches .  The s e r i e s  of s h a r p  
[ I  

dB records  immediately i n d i c a t e  t h a t ,  c o n t r a r y  t o  at s p i k e s  on t h e  

the s i ispiclon r p i s e d .  by t h e  te rmina l  v o l t a g e  measurements, d i s c r e t e  

c u r r e n t  c a r r y i n g  f r o n t s  a r e  propagat ing w e l l  i n t o  t h e  c e n t e r  of 

t h e  chamber. 

R e c o n c i l i a t i o n  of t h e  apparent  c o n t r a d i c t i o n  between t h e  
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, v o l t a g e  d i v i d e r  and magnetic probe d a t a  could be made i f  t h e  
, 

inner-most c u r r e n t  s h e e t s  were no longe r  coupled t o  t h e  e x t e r n a l  

I c i r c u i t ;  t h a t  i s ,  i f  they c a r r i e d  only i n t e r i o r ,  c i r c u l a t i n g  
~ 

c u r r e n t s ,  divorced from t h e  c u r r e n t  f l u c t u a t i o n s  i n  t h e  o u t e r  

c i r c u i t .  

i n  d i f f e r e n t  d i scha rge  geometr ies .  

mapping by magnetic probes t o  t e s t  t h i s  hypothes is  i s  c u r r e n t l y  

i n  p rog res s .  The pre l iminary  r e s u l t s  seem t o  support  i t .  For 

example, t h e  c u r r e n t  c a r r i e d  i n  any one s h e e t  i s  found never  t o  

r e v e r s e .  The f i r s t  shee t  c a r r i e s  t h e  bulk  of t h e  c i r c u i t  c u r r e n t  

f o r  t h e  f i r s t  h a l f - c y c l e .  The reversed  c u r r e n t  of t h e  second 

h a l f - c y c l e  appears  mainly i n  t h e  second sheet, wh i l e  t h e  f i r s t  

r e t a i n s  some small  f r a c t i o n  of i t s  o r i g i n a l  component, t r apped  

w i t h i n  i t s e l f .  

Such e f f e c t s  have been observed by Lovberg (4) and o t h e r s ,  

A de ta i led  program of c u r r e n t  

The onse t  o f  t h e  t h i r d  h a l f - c y c l e  gene ra t e s  a 

t h i r d  s h e e t  c a r r y i n g  t h a t  re - reversed  c u r r e n t ,  e t c .  The appearance 

of  t r apped  i n t e r i o r  c u r r e n t s  implies  t h e  e x i s t e n c e  of corresponding 

t rapped  f i e l d s ,  t h e  combination of  which must p a r t i c i p a t e  i n  t h e  

composite a c c e l e r a t i o n  process  f o r  t h e  e n t i r e  wave p a t t e r n .  

IV.  SPECTROSCOPY 

S t r e a k  photographs o f  t he  d i scha rge  taken w i t h  c o l o r  I 
I f i l m  show we l l -de f ined  reg ions  of v a r i o u s  c h a r a c t e r i s t i c  s p e c t r a l  

f r e q u e n c i e s ,  and encourage d e t a i l e d  spec t roscop ic  s tudy of t h e  
I 
I 

corresponding  regimes of  t h e  luminous gas .  A s  t h e  f i r s t  s t e p  i n  

such a program, s t i g m a t i c  spectrograms a long  t h e  d iameter  o f  the  

pinch chamber have been obta ined  f o r  argon,  helium, a n d  n i t r o g e n  

a t  1 mm.,  3 0 0 ~  , loor , 

I 

p r e s s u r e .  These spectrograms 
and 3Y 
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in tended  only t o  e s t a b l i s h  a b a s i s  

troscop! i n  the  v i s i b l e  and nea r  u l t r a -  

j r lo le t  region.  However, i t  i s  p o s s i b l e  t o  make some q u a l i t a t i v e  

s t a t emen t s  about t h e  appearance of d i f f e r e n t  degrees  of i o n i z a t i o n  

of t h e  working gas and some impuri ty  s p e c i e s  a t  d i f f e r e n t  r a d i a l  

l o c a t i o n s  i n  t h e  pinch d ischarge .  

Argon I l i n e s  do not  appear  a t  a l l  i n  t h e  argon d i scha rge  

A I1 l i n e s  a r e  s t r o n g ,  broad, and e x h i b i t  i n c r e a s i n g  spectrograms. 

I n t e n s i t y  wi th  decreas ing  r a d i u s .  A t  p r e s s u r e s  above 300 , A 111 

appears  only a t  t h e  per iphery  of t h e  d ischarge .  

l i n e s  appear  a t  t h e  per iphery  of t h e  pinch,  d iminish  t h e i r  i n -  

t e n s i t y  a t  approximately 1/2 of the t o t a l  r a d i u s  and then i n c r e a s e  

i n  i n t e n s i t y  aga in  toward t h e  c e n t e r  of t h e  pinch.  

bet oeen i d e n t i f i e d .  

p” 
At l0or ’ A III 

A IV has no t  

C 11 l i n e s  appear  as impuri ty  i n  a l l  d i scha rges .  C 111 

eppears  weakly i n  i t s  s t r o n g e s t  l i n e  only a t  t h e  per iphery  of t h e  

pinch,  co inc ident  w i t h  A 111. A1 I1 ( e l e c t r o d e  material) appea r s  

w i t h  i nc reas ing  i n t e n s i t y  toward t h e  c e n t e r ,  b u t  i s  n o t  prominent 

i n  t h e  spectrum. 011, NII, NIII, appea?? as  i m p u r i t i e s  mainly i n  

t h e  c e n t e r  of  t h e  pinch.  N a I  appears  i n c r e a s i n g l y  toward t h e  

c e n t e r  of t h e  pinch where t h e  D l i n e s  are  observed i n  a b s o i v t i o n .  

Since t h e  observat ion was made through a narrow Pyrex window d i a -  

mezr i ca l ly  ac ross  t h e  d ischarge ,  t h e  sodium may have come from 

L h i s  window. The hy’drogen B a l m e r  l i n e s  

spectrograms Tneir. broadening i s  q u i t e  e v i d e n t  and i n c r e a s e s  

s t r o n g l y  w i t h  d e c r m s j n g  p r e s s u r e .  

and H d  appear  on a l l  Hp 

C o n t i ~ u m  r a d i a t i o n  i c  observed i n  t h e  c e n t e r  of t h e  



I 

discharge ,  s t r o n g l y  i n c r e a s i n g  i n  i n t e n s i t y  w i t h  dec reas ing  

p res su re .  The diameter of t h e  continuum r a d i a t i o n  i s  c o i n c i d e n t  

w i t h  the diameter of t h e  h igh  c e n t r a l  luminos i ty  area on t h e  
I 

I s t reak  records .  

I The above s ta tements  about t h e  i m p u r i t i e s  and t h e  I 

continuum r a d i a t i o n  a l s o  h o l d  f o r  helium and n i t rogen  a s  working 

gases  a t  t h e  mentioned p res su res .  I n  helium, t h e  H e  I1 l i n e s  

appear  only a t  p r e s s u r e s  below 100 H e ,  and increase i n  i n t e n s i t y  r 
I w i t h  dec reas ing  p res su re .  
I 

I 

I 

I 
The appearance of A I 1 1  and C I I I  s p e c i e s  i n  the  s p e c t r a  

i n d i c a t e  p a r t i c l e  ene rg ie s  i n  t h e  range above 24 e . v .  a t  t h e  

per iphery  of t h e  d ischarge .  These e n e r g e t i c  p a r t i c l e s  most 
1 

probably are  f r e e  e l e c t r o n s ,  a n d  these  e n e r g i e s  a r e  comparable t o  

t h e  v o l t a g e  a c r o s s  t h e  e l e c t r o d e s  m u l t i p l i e d  by t h e  r a t i o  of 

e l e c t r o n  mean f r e e  pa th  t o  t h e  e l e c t r o d e  gap; t h a t  i s ,  t h e  t y p i c a l  
I 
I 

energy a n  e l e c t r o n  a c q u i r e s  from the e l e c t r i c  f i e l d  between c o l -  

l i s i o n s .  

V. INSULATOR EXPERIMENTS 

It seemed important  e a r l y  i n  t h e  course  of t h e  program 

t o  determine t h e  r o l e  played by t h e  i n s u l a t o r  s u r f a c e  s e p a r a t i n g  

t h e  e l e c t r o d e s  a t  t h e  per iphery  of t h e  chamber, i n  t h e  i n i t i a t i o n  

of  t he  breakdown and t h e  subsequent inward a c c e l e r a t i o n  of t h e  

plasma. I n  p a r t i c u l a r ,  t h e  r e l a t i v e  importance of two s p e c i f i c  

i n s u l a t o r  mechanisms t o  concommitant e lectrodynamic ones needed 

t o  be r e so lved :  
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(1) Is t h e  observed mode of i n i t i a l  breakdown--in a 

uniform pe r iphe ra l  r i n g - - e n t i r e l y  a t t r i b u t a b l e  to i n d u c t i v e  

processes  ( s k i n  e f f e c t ) ,  o r  i s  t h i s  t h e  p r e f e r r e d  l o c a t i o n  because 

i t  i s  ad jacen t  t o  t h e  i n s u l a t o r  su r face?  The re levance  of such 

i n s u l a t o r  su r faces  t o  more convent iona l  high v o l t a g e  breakdown i s  

we l l  known, (5) and s imilar  mechanisms may c a r r y  over  t o  t h e  v e r y  

h igh  frequency impuisive d i scha rges  involved he re .  

( 2 )  Is  t h e  inward a c c e l e r a t i o n  o f  t h e  plasma sheet 

d r iven  s o l e l y  by t h e  magnetogasdynamic f o r c e s ,  or i s  i t  mainly a 

consequency of a thermal expansion of t h e  plasma away from t h i s  

f i x e d  w a l l ?  Rudimentary c a l c u l a t i o n s  i n d i c a t e  t h a t  f o r  t h e  

p a r t i c u l a r  e l e c t r i c a l  and geometr ica l  parameters  p r e v a i l i n g ,  t h e  

magnetic f o r c e s  and  p r e s s u r e  f o r c e s  may indeed be comparable, 

a l though p r e c i s e  eva lua t ion  of t h e  l a t t e r  i s  prec luded  by un- 

c e r t a i n t i e s  i n  t h e  s t a t e  o f  t h e  gas  involved i n  t h e  d i scha rge .  

To i l l u m i n a t e  these s i t u a t i o n s ,  several s e r i e s  of ex- 

per iments  were performed w i t h  v a r i o u s  a d d i t i o n a l  i n s u l a t o r  s u r -  

f a c e s  purposely established i n  t h e  chamber. I n  one s e r i e s ,  a 

P l e x i g l a s  r ing ,  6" O.D. x 1/8" w a l l  was i n s e r t e d  i n  t h e  chamber, 

c o a x i a l  w i t h  t h e  o r i g i n a l  i n s u l a t o r  s u r f a c e ,  and i n  c o n t a c t  w i t h  

t h e  e l e c t r o d e s  ( s e e  F igure  84. 

A s e r i e s  of s t r e a k  photographs was t aken  of d i s c h a r g e s  

i n  argon a t  p re s su res  of l o o p  , 3OOp , and 1 mm., a l l  a t  10,000 

v o l t s  and 15 P f d ,  t o  s e e  whether  t h e  two a d d i t i o n a l  i n s u l a t o r  

s u r f a c e s  would a l s o  g e n e r a t e  d i s c h a r g e s  a long  themselves .  To 

check whether t h e  s p e c i f i c  i n s u l a t o r  material or i t s  r a d i a l  

P o s i t i o n  were c r i t i c a l  t o  the  experiment ,  a second series of s h o t s  
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was taken  us ing  a 5" O.D. x t" wall g l a s s  r i n g  i n  p l a c e  o f  t h e  

P l e x i g l a s .  

somewhat equivocal .  I n  a l l  cases  a s t r o n g  d i s c h a r g e  was main ta ined  

a t  t h e  outermost (Mykroy) s u r f a c e ,  of t h e  same type  seen  i n  t h e  

empty chamber s h o t s .  The o u t e r  s u r f a c e  of t h e  i n s u l a t i n g  r i n g s  

seldom genera ted  any s i g n i f i c a n t  d i scha rges ,  but  the  i n n e r  

s u r f a c e  d i d  on some occas ions ,  p a r t i c u l a r l y  a t  the  lower p r e s s u r e s .  

The behavior  of t h e  d i scha rge  i n  bo th  s i t u a t i o n s  was 

These l a t t e r ,  once e s t a b l i s h e d ,  pinched toward t h e  c e n t e r  w i t h  

n e a r l y  t h e  same speed as the main d i scha rges  from t h e  o u t s i d e .  

The conclusion would seem t o  be t ha t  t h e  i n s u l a t o r  s u r f a c e  does 

e s t a b l i s h  a f avorab le  l o c a t i o n  f o r  t h e  d i scha rge ,  but  t h a t  t h e  

i n d u c t i v e  e f f e c t s  remain paramount i n  s e l e c t i n g  t h e  l a r g e s t  

diameter  f o r  t h e  bulk of t h e  c u r r e n t .  The l a c k  of p a r t i c i p a t i o n  

of t h e  o u t e r  s u r f a c e  of t h e  r i n g  i n s e r t s  mayresu l t  from the un- 

f avorab le  d i r e c t i o n  o f  t h e  magnetic p r e s s u r e  t h e r e ,  which t ends  

t o  r e s t r a i n  t h e  c u r r e n t  s h e e t  from propagat ing  away from t h e  

s u r f a c e .  

To pursue t h e  " i n s u l a t o r  e f f e c t "  a b i t  f u r t h e r ,  a 

hollow c y l i n d r i c a l  P l e x i g l a s  mask was i n s e r t e d  i n t o  t h e  chamber, 

where i t  e f f e c t i v e l y  covered the o u t e r  2 i n c h e s  of bo th  e l e c t r o d e  

s u r f a c e s .  (See Figure 8 b ) .  It t h u s  o f f e r e d  t h e  d i scha rge  t h e  

a l t e r n a t i v e s  of a p a t h  d i r e c t l y  a c r o s s  the  chamber a t  a 2- inch 

r a d i u s ,  or a t h r e e  t imes longe r  p a t h  a long  the  i n s u l a t o r  s u r f a c e s ,  

out  t o  a 3t" r a d i u s  where t h e  inductance  would be less .  Without 

except ion ,  t h e  pa th  chosen was t h a t  d i r e c t l y  a c r o s s  t h e  chamber 

f rom t h e  outermost exposed s u r f a c e  of the e l e c t r o d e s .  Once formed, 

t h e s e  d ischarges  were a l s o  capable  of p inch ing  themselves i n  
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I 
toward the center of the chamber, and showed no tendency to expand 

I outward into the insulator cavity. Two conclusions seem justified: 

previously demonstrated influence of an insulator surface, are 

I 

First, neither the mechanisms of inductance minimization o r  the 

I 

strong enough to cause the discharge to take the longer paths for 

I this particular geometry. Second, the magnetogasdynamic forces 

are capable of pinching the discharge, even in the absence of a 

nearby wall. The lack of any discernible outward motion of the 

plasma from its ring of inception may be an indication of the 

relative insignificance of thermal expansion contributions to the 

acceleration. I 

VI. THE PRECURSOR FRONT 

In Figure 3a,which displays the streak photograph of a 

discharge through 3O/c of argon, an additional feature of interest 

is the appearance of intense luminosity at the center of the 

chamber in advance of the arrival of the first luminous front. 

The suspicion is that another signal o r  front, invisible on the 

photograph, precedes the luminous front into the center. Only 
I 
I after collapsing on itself there does this precursor manifest it- 

self by exciting the gas at the center of the chamber to perceptible 

brightness. 
i 

I 

Attempts were made to locate this front by intercepting 

it with a variety of obstacles, such as glass and nylon posts 

placed at various radial positions in the chamber, but no un- 

ambiguous indications of its reflection from such obstacles was 

found . 



However, dur ing  t h e  course  of t h e  e m p i r i c a l  s tudy  of the  

swi tch  c h a r a c t e r i s t i c s  desc r ibed  e a r l i e r ,  i t  was p o s s i b l e  t o  i n -  

c r e a s e  t h e  peak c u r r e n t  of t h e  main d i scha rge  by about l5$ f o r  one 

or two i s o l a t e d  s h o t s .  I n  t h e s e ,  the  suspec ted  s i g n a l  became 

v i s i b l e  over i t s  e n t i r e  inward  excurs ion .  F igure  3b shows one or' 

t h e  few s t r e a k  photographs obta ined  i n  t h i s  way a t  3 O p  of a rgon .  

No man i fe s t a t ion  of t h i s  p r e c u r s o r  f r o n t  i s  found on 

t h e  magnetic probe r eco rds ,  i n d i c a t i n g  t h a t ,  u n l i k e  t h e  o t h e r  

luminous f r o n t s ,  i t c a r r l e s  no c u r r e n t .  It i s  tempting t o  guess  

t h a t  i t  may be  a gasdynamic shock f r o n t ,  d r iven  by t h e  p i s t o n  

a c t i o n  of the f i r s t  c u r r e n t  s h e e t  a c c e l e r a t e d  by i t s  own B f i e l d .  

I f  so ,  i t  propagates  w i t h  a n e a r l y  c o n s t a n t  Mach number of about  

120.  More important ,  i t  i m p l i e s  that  t h e  c u r r e n t - s h e e t  p i s t o n  i s  

e f f i c i e n t l y  a c c e l e r a t i n g  t h e  body of gas ahead of i t .  Unfortunately,  

t h e  p r e s e n t  i n s t rumen ta t ion  i s  incapab le  of v e r i f y i n g  t h i s  hypo- 

t h e s i s ;  a measure o f  t o t a l  d e n s i t y  behind t h e  p r e c u r s o r  f r o n t  i s  

needed. 

V I I .  SUMMARY 

The exp lo ra to ry  experiments  d e s c r i b e d  above have con- 

f i rmed t h a t  a s e r i e s  of d i s c r e t e ,  c y l i n d r i c a l  c u r r e n t  sheets a r e  

genera ted  i n  t h i s  large diameter p inch  d i s c h a r g e ,  and tha t  these 

propagate  inward ,  one a f t e r  t h e  o t h e r ,  w i t h  n e a r l y  t h e  same speeds 

f o r  a g i v e n  ambient d e n s i t y .  A t  any one t ime,  only t h e  outermost  

s h e e t  i s  s t rong ly  coupled t o  t h e  e x t e r n a l  c i r c u i t ;  t h e  o t h e r s  c a r r y  

" t rapped"  c u r r e n t s ,  and are  s e p a r a t e d  by cor responding  r eg ions  of 



t rapped  magnetic f i e l d s .  The f a m i l i a r  " j  x B" i n t e r a c t i o n ,  b a s i c  

t o  any e lec t romagnet ic  mode of gas a c c e l e r a t i o n ,  t hus  has a r a t h e r  

complex m a n i f e s t a t i o n  under  these  c i rcumstances ,  and t h e  d e t a i l e d  
\ 

mechanism by which the  e x t e r n a l  c i r c u i t  energy i s  converted t o  

d i r e c t e d  motion o f  t h e  body of gas r e q u i r e s  f u r t h e r  s tudy .  
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